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LITERATURE REVIEW
INTRODUCTION

Typical stormwater design has focused on mitigating the increased flow rates from large,
low frequency events while generally disregarding volume and quality. Low impact
development (LID) is an alternative design approach which aims to have post-development
hydrologic function mimic that of pre-development through the storage, infiltration,
evapotranspiration and retention of runoff (Prince George’s County, 1999a). LID techniques
used at a watershed level have been demonstrated to significantly reduce stormwater runoff
volume, peak flow and mass exports of several pollutants in stormwater compared with
traditional development (Dietz and Clausen, 2008; Bedan and Clausen, 2009). Although LID
appears to be a viable stormwater treatment option, widespread adoption of LID relies on the
ability of designers to credit LID techniques for the runoff reduction they provide (Dietz, 2007).
SWMM (Storm Water Management Model) is a rainfall-runoff model originally
developed for the EPA by Metcalf and Eddy, Inc., the University of Florida and Water Resources
Engineers, Inc. (Metcalf and Eddy, et al,. 1971). SWMM can be used to simulate runoff quantity
and quality from primarily urban areas during single event or continuous simulations (Rossman,
2010). SWMM is a widely used model that has been applied to thousands of sewer and
stormwater studies throughout the world (Singh and Frevert, 2006). The latest version, SWMM
5.0.022, has the ability to explicitly model LID techniques.
The objective of this review was to evaluate the current state of knowledge pertaining to
the use of SWMM to predict runoff quantity and quality from a LID watershed. The impact of
traditional urban development compared to LID on stormwater runoff will be summarized,
1

followed by an examination of appropriate calibration and verification methods for SWMM and
the modeling of best management practices (BMPs), including LID techniques during large, less
frequent storms. Furthermore, this review will identify weaknesses and gaps in existing
knowledge and identify areas requiring further research, with an emphasis on using SWMM to
model LID techniques.
IMPACTS OF TRADITIONAL DEVELOPMENT
Hydrology

Traditional development results in the increase of impervious surfaces in the forms of
rooftops, roads, driveways and parking lots (Schueler, 1994a). Impervious surfaces effectively
halt infiltration, limit evaporation and transpiration losses, and reduce interception and
depression storage (Hollis, 1975, 1977). An increase in impervious surfaces within a watershed
has been documented to result in increased peak flows and increased total runoff volume
(Leopold, 1968; Jennings and Jarnagin, 2002). These changes in flow regime can result in
channel erosion (Booth, 1990), increased flood frequency (Leopold, 1968), and stream biological
degradation (Booth, et al,. 2004). These hydrological changes are often addressed as a public
safety issue, resulting in the construction of systems that convey stormwater quickly and
efficiently away from developed areas. Such systems, however, have the concomitant effect of
further increasing peak flows farther downstream unless stormwater detention methods are used
(Hollis, 1975; Arnold and Gibbons, 2007).
Water Quality

Stormwater runoff has been identified as a contributor to water quality problems in
receiving waters (USEPA, 1983; Makepeace, et al., 1995, USEPA, 2012). Stormwater runoff is
2

a significant source of nutrients, including nitrogen and phosphorus (Line et al., 2002; Hope et
al., 2004). These nutrients can cause eutrophication and hypoxia in water bodies (Smith et al.,
1999). Nutrient export from urban land and associated impervious surfaces has been greater than
from undeveloped land, though the total amount exported is highly variable (Beaulac and
Reckhow, 1982). The stochastic nature of precipitation and associated runoff is the primary
source of observed variability in nutrient export over time from a single watershed (Beaulac and
Reckhow, 1982). Additionally, episodic, anthropogenic activities such as fertilizer application to
lawns (Line et al., 2002) can cause variations in total nutrient export. Fertilized lawns have been
identified as sources of nitrogen (Line et al., 2002) and phosphorus (Bannerman et al., 1993;
Line et al., 2002) in residential areas. Though land use can impact nutrient export, nitrogen in
rainfall is likely responsible for a considerable portion of nitrogen export observed in stormwater
runoff (Rushton, 2001; Line et al., 2002). Bedan and Clausen (2009) used a paired watershed
study to compare nutrient export from a residential watershed that used traditional stormwater
management techniques to a watershed using LID. Mass export from the traditional watershed
increased 40 times for total Kjedahl nitrogen (TKN) and 24 times for total phosphorus in the
post-construction period compared to what was predicted by the pre-development calibration
equation.
IMPACTS OF LOW IMPACT DEVELOPMENT
Hydrology

The LID design approach is to preserve the hydrological function of a landscape by
maintaining as many areas of high infiltration and low runoff potential on a site as is practical.
Furthermore, any post development excess runoff is managed through a distributed approach that
integrates stormwater controls throughout the site (Prince George’s County, 1999b). Common
3

LID techniques used to preserve hydrological function and control stormwater include cluster
development, permeable pavement, bioretention areas, and grassed swales (Prince George’s
County, 1999a; USEPA, 2000).
Cluster development has the potential to reduce impervious surfaces using a compact
pattern of development (Schueler, 1994b). Brander et al. (2004) used a modified version of the
Natural Resources Conservation Service (NRCS) Curve Number (CN) method to model a
conventional development characterized by large lots and little open space and a cluster
development using smaller lots and maximized open space. For a 100-year 24-h storm with
15.24 cm of total rainfall, the conventional development resulted in 2.29 cm more runoff than
from the cluster development (Brander et al., 2004).
Compared to traditional, impervious urban surfaces, permeable pavements reduce runoff
volume (Brattebo and Booth, 2003; Gilbert and Clausen, 2006) and peak flow rates (Pratt et al.,
1989; Booth and Leavitt, 1999; Collins et al., 2006). In a study comparing asphalt, permeable
paver, and crushed stone driveways, paver driveways had 72% less runoff and crushed stone
driveways had 98% less runoff than traditional asphalt (Gilbert and Clausen, 2006).
Bioretention areas, including rain gardens, reduce runoff through interception, retention,
evapotranspiration and infiltration (Prince George’s County, 1999a). Rain gardens designed to
store 2.54 cm (1 in) of roof runoff were shown to infiltrate 95.4% of inflow water (Dietz and
Clausen, 2006). A study conducted in Norway found that despite concerns of reduced
performance in winter months, bioretention had no significant difference in retention time or lag
time between seasons (Muthanna et al,. 2008).

4

Grassed swales can be used to control runoff by reducing runoff velocity and infiltrating
stormwater (Schueler, 1987). A study in Brevard County, Florida found that residential
subdivisions using grassed swale BMPs had less stormwater runoff than subdivisions using
traditional curb and gutter systems (Kercher, et al., 1983). Another study in Florida found that
parking lot sections that used grassed swales had about 30% less runoff when compared to
sections without swales (Rushton, 2001). Schueler (1994c) found that factors such as slope, soil
type, and grass density affect infiltration rates and play an important role in the performance of a
swale.
When implemented at a watershed scale, LID design in a residential development has
been shown to decrease storm runoff volume and flow rate compared to predevelopment
conditions (Bedan and Clausen, 2009).
Water Quality

LID design typically treats the first half-inch of runoff, which contains the highest
pollutant loadings (USEPA, 2000). A study comparing pollutant export and runoff from a
traditional and an LID watershed demonstrated that nutrient export from an LID watershed was
consistent with export values from a forested watershed. Furthermore, the study concluded that
the increased pollutant export from a traditional watershed was primarily a function of increased
flows (Dietz and Clausen, 2008).
Runoff from permeable interlocking concrete pavers was found to have significantly
lower concentrations of TKN and phosphorus compared to runoff from asphalt pavement
(Gilbert and Clausen, 2006). Water infiltrated through pavers has also been shown to have
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lower concentrations of motor oil, copper, and zinc compared to runoff from asphalt (Brattebo
and Booth, 2003).
Bioretention can treat stormwater pollutants through a variety of processes (Prince
George’s County, 1999a). Laboratory tests have shown bioretention systems can retain 65 to
75% of TKN and ~80% of phosphorus, however, the same study showed that bioretention can be
an occasional source of nitrate due to soil nitrification (Davis et al., 2001).
In a review of monitoring studies of grassed swales, Schueler (1994c) found that TKN
removal in swales in Virginia, Maryland, and Florida ranged from 9 to 48% and total phosphorus
(TP) removal from the same swales ranged from 12 to 41%. One study showed that parking lots
with grassed swales had higher concentrations of phosphorus in stormwater discharge compared
to parking lots without grassed swales (Rushton, 2001). The authors suggested that fertilization,
mulch application, and grass clippings may have contributed to the higher observed phosphorus
concentration from swales.
In a paired watershed study using pre-development conditions for calibration and a period
after construction of houses as a treatment, mass export in runoff from a new residential
watershed using LID techniques decreased by 33% for TKN but increased by more than three
times for TP in the postconstruction period compared to what was predicted by the calibration
equation (Bedan and Clausen, 2009). During postconstruction monitoring at a traditional
watershed, export of TKN and TP increased by 40 and 24 times, respectively, compared to
calibration equation predictions. Fertilization, leaching from fallen leaves, grass clippings, and
other detritus in the grass swales were thought to contribute to the increase in TP (Bedan and
Clausen, 2009).

6

SWMM

SWMM is a widely used rainfall-runoff model designed primarily for urban areas.
SWMM is a physically based, deterministic model that simulates water inflows, outflows, and
storages within a subcatchment. A water balance equation is solved at every time step to update
the depth of water over a subcatchment and the depth of surface runoff is calculated using
Manning’s equation (Rossman, 2010). SWMM’s runoff component functions as a collection of
subcatchment areas that receive precipitation and gene00rate runoff and pollutants. Runoff can
be routed through pipes, channels, storage/treatment devices, pumps, orifices, weirs, and outlets
(Rossman, 2010). Table 1 presents the hydrologic processes incorporated into SWMM.
SWMM is capable of distributed and lumped parameter modeling for both single event
and continuous simulations (Rossman, 2010). Parameters are assigned default values, although
these can be changed based on measurements, estimates from the literature, or through trial and
error. SWMM tracks the quantity and quality of water in each pipe and channel for each time
step during a simulation (Rossman, 2010). SWMM has experienced several upgrades since its
development in 1971. The current version, SWMM 5, is a recoding in C from Fortran 90 used
previously. In most cases, fundamental algorithms have not changed from the original code
(Singh and Frevert, 2006). Explicitly modeled LID techniques, termed LID controls, were
introduced in SWMM version 5.0.019, released in August, 2010, and are included in the latest
version of SWMM, version 5.0.022 (USEPA, 2011).
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TABLE 1. Hydrologic Processes Incorporated into SWMM
(Rossman, 2010).
Time-varying rainfall
Evaporation of standing surface water
Snow accumulation and melting
Rainfall interception from depression storage
Infiltration of rainfall into unsaturated soil layers
Percolation of infiltrated water into groundwater
Interflow between groundwater and the drainage system
Surface runoff per unit area as a function of Manning’s equation
Nonlinear reservoir routing of surface runoff
Capture and retention of rainfall/runoff with various type of LID
practices
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Spatial Representation

There have not been many studies comparing SWMM results using a distributed parameter
versus lumped parameter approach. A single lumped catchment in SWMM predicted total runoff
volume within 1% of the volume predicted by a distributed parameter model of the same
catchment (Ahmad, 1980). However, the author noted that peak discharge was about 20%
higher in the lumped simulation when using the same 5 min rain interval used for the distributed
simulation. Aggregating the rainfall to 15 min intervals improved lumped catchment prediction
to within 3% of the volume predicted by the distributed parameter model. Zaghloul (1983)
found that a small, 10-acre watershed would produce similar hydrographs from a design storm
whether the watershed was simulated using 80 subcatchments or a single lumped subcatchment.
Hydrology

Subcatchments in SWMM are treated as nonlinear reservoirs. Subcatchments receive
inflow as precipitation or from upstream catchments and contain several different outflows,
including infiltration, evaporation, and runoff.
Overland flow, Q, occurs when the depth of water exceeds maximum depression storage,
whereby outflow from a unit area is given by Manning’s equation (Rossman, 2010):


    /

/

(1)

where Q=flow rate, n = Manning roughness coefficient, A = cross sectional area, R = hydraulic
radius, and S = slope.
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Rainfall is input as a series of values occurring over a user-specified time interval
(Rossman, 2010). Values can represent intensity (in or mm/hour), volume (in or mm), or
cumulative rainfall (in or mm). Evaporation can be input as a constant value (in/day), as a time
series, computed from daily maximum and minimum temperatures, or input as monthly
averages. An option is available to evaporate only during periods of no rainfall. SWMM 5
contains a new option of using a monthly soil recovery pattern. This is in the form of a monthly
time series that allows the user to account for seasonal soil drying rates by adjusting the time it
takes for water to be drained from the soil (Rossman, 2010).
Snowmelt is modeled in SWMM as part of the runoff modeling process. Temperature,
input as daily minimum and maximum values, and melt coefficients are updated according to
calendar date. Snowpacks associated with subcatchments are updated based on snowmelt
through heat budget accounting, snow accumulation, redistribution by plowing operations, and
areal depletion curves which describe the non-uniform reduction in the total area covered by
snow as a function of snow depth (Rossman, 2010).
Infiltration in SWMM can be modeled by using Horton’s equation, the Green-Ampt
Method, or the Curve Number method. The required parameters for each infiltration method are
summarized in Table 2.
Jewel et al. (1978) simulated a 4.1 km2 watershed in Greenfield, MA, in which
stormwater runoff was assumed to be dominated by impervious surfaces. An uncalibrated
simulation overpredicted runoff volume and peak flow rates by 60% and 110%, respectively.
Calibration was performed to minimize the error in total runoff volume and sums of peak flows
across six storms. The overall ratio of measured to predicted volume and peak

10

TABLE 2. Available Infiltration Methods in SWMM and Their Required Parameters.
Infiltration
Method

Required Parameters

Horton

Maximum
iniltration rate

Green Ampt

Suction head

Curve
Number†

Curve number

Minimum
infiltration rate

Decay
constant

Saturated
hydraulic
conductivity

Initial soil
moisture
deficit

Drying time

-

Drying
time

Maximum
volume

-

-

-

-

†The Curve Number infiltration method assumes any rainfall that does not run off is
lost to infiltration, therefore making infiltration rate a function of rainfall intensity.
Initial abstraction is ignored and is included as a depression storage parameter for a
subcatchment.
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flow after calibration was 1.000 and 1.007. However, for individual storms, volume ratios
ranged from 0.53 to 1.43. Peak flow ratios for individual storms were not presented for the
calibration condition.
Baffaut and Delleur (1989) compared results from calibrating SWMM manually and by
using an expert system. Expert systems are computer programs that simulate the judgment and
decision-making ability of a human expert by using information supplied by the user and a set of
rules about actions to take depending on given conditions. Runoff was simulated for nine
precipitation events from an 11.7 ha, 30% impervious watershed in Louisiana. Expert and
manual calibrations were found to be similarly effective. During calibration with six events, the
difference between measured and predicted volume over all events ranged from -67% to 34 %,
and -55% to 36% for peak flow. Validation, using the remaining three events resulted in volume
differences ranging from -12% to 64% for volume and -141% to 68.5% for peak flow. Warwick
and Tadepalli (1991) calibrated SWMM for a 10 mi2 watershed in Dallas, Texas. They adjusted
either impervious depression storage or percent impervious for a combination of three different
watershed conceptualizations and three different calibration events. The Nash-Sutcliffe
efficiency coefficient (Nash and Sutcliffe, 1971), was calculated for nine independent storm
events. The authors found the best combination had a Nash-Sutcliffe efficiency coefficient for
peak flow of 0.55 and runoff volume of 0.57. These studies indicate that SWMM results can
have considerable variation when calibrating using individual storms. Less is known about
prediction results using continuous data. Maalel and Huber (1984) calibrated SWMM using
continuous simulation for an urban basin in Florida using one year of hourly rainfall data. They
presented the mean and coefficient of variation for measured and simulated runoff depth. Mean
12

simulated runoff was 0.02 inches higher than measured and the coefficient of variation for
simulated runoff was 2.82 compared to 1.07 for measured runoff. They concluded that
calibration using multiple events can improve continuous simulation.
Water Quality

SWMM has the capability of estimating pollutant loads associated with runoff.
Pollutants can be simulated by buildup and washoff over various land uses or input as
concentrations in rainfall, groundwater, direct infiltration/inflow, and dry weather flow
(Rossman, 2010). Dry weather pollutant buildup within a land use category can occur in
SWMM as either a mass per unit of subcatchment area or per unit of curb length (Rossman,
2010). The amount of buildup is a function of antecedent dry weather days. The user can
choose from a power (Equation 2), exponential (Equation 3), or saturation (Equation 4) function
to compute buildup, or use an external time series to describe the rate of buildup per day as a
function of time (Rossman, 2010). Buildup (B) accumulates proportionally with time (t) raised
to a constant, until a maximum limit is achieved:
  ,   

(2)

where C1 = maximum buildup possible, C2 = buildup rate constant, and C3 = time exponent
(Rossman, 2010). Or buildup (B) follows an exponential growth curve that approaches a
maximum limit asymptotically,
  1   
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(3)

where C1 = maximum buildup possible and C2 = buildup rate constant (1/days) (Rossman, 2010).
Or buildup (B) begins at a linear rate that continuously declines until a saturation value is
reached,


 

(4)

 

where C1 = maximum buildup possible and C2 = half-saturation constant (days to reach half of
the maximum buildup) (Rossman, 2010).
SWMM can simulate pollutant washoff on user-defined land use categories during wet
weather periods through the use of exponential (Equation 5), rating curve (Equation 6), or event
mean concentration (EMC) functions. Exponential functions have been used to describe the
washoff of dust and dirt from streets (Sartor, et al, 1974). However, unlike the Sartor et al.,
equation, the SWMM exponential equation does not take into account the function of particle
size and street surface type. The washoff load (W) in units of mass per hour is proportional to
the product of runoff raised to some power times the amount of buildup remaining:
!   " 

(5)

where C1 = washoff coefficient, C2 = washoff exponent, q= runoff rate per unit areas, and B =
pollutant buildup in mass units. A rating curve function can also be used to simulate washoff
(W) in which the rate in mass per second is proportional to the runoff rate raised to some power:
!    

(6)

where C1 = washoff coefficient, C2 = washoff exponent, and Q = runoff rate in user-defined flow
units. EMC can be used for simulating pollutant washoff by modifying Equation 6 whereby C2 =

14

1 and the coefficient C1 represents the washoff pollutant concentration in mass per liter equal to
the EMC (Rossman, 2010).
Treatment of runoff can be simulated by specifying a BMP removal efficiency for a given
pollutant for a specific land use category so that washoff loads are reduced by a fixed percentage
(Rossman, 2010). Treatment also can occur in any drainage system unit node using a user
defined mathematical expression. The form of the expressions can solve for either an outlet
concentration or a fractional removal. The LID controls available in SWMM currently cannot
directly model any pollutant reduction benefits (Rossman, 2010). However, it would appear that
for a distributed model in which LID controls are modeled using individual subcatchments,
treatment could be achieved by assigning LID subcatchments a land use and associated BMP
removal efficiency.
Various studies have focused on the ability of SWMM to model runoff quality. Research
indicates that SWMM has higher uncertainty in water quality prediction than in water quantity
prediction (Jewell et al., 1978, Tsihrintzis and Hamid, 1998). Jewell et al. (1978) performed an
uncalibrated water quality simulation for a watershed in Greenfield, MA using a linear buildup
function. Area-weighted default values for different land uses were derived from a study on
pollutant sources in a residential area of Chicago (APWA, 1969). Large errors in total mass
export resulted. The authors proposed a methodology for separately calibrating the quantity and
quality portions of the model. The model only simulated pollutant washoff from impervious
areas and was calibrated using five storms and verified using two. Standard error of estimate
(SE) values for calibration ranged from 0.765 for biochemical oxygen demand (BOD5) to 2.86
for suspended solids. Model verification results were not presented in SE but in ratios of
predicted to measured total export, with results for suspended solids and BOD5 being 0.72 and
15

0.80, respectively. Tsihrintzis and Hamid (1998) performed verification using 16 individual
storms where they adjusted each storm’s buildup parameters based on antecedent dry days and
washoff parameters based on rainfall depth. Predicted and observed pollutant loadings were
compared using the coefficient of determination for total suspended solids (R2 = 0.98), and for
TKN (R2 = 0.48). Baffaut and Delleur (1990) also calibrated SWMM using separate sets of
washoff parameters depending on rainfall characteristics. They concluded that different sets of
washoff parameters should be used depending on whether a modeled precipitation event is low
or high-intensity. After dividing events into low- and high-intensity events and performing two
separate calibrations, this study found that except for phosphorus, SWMM had an average
prediction error for various pollutant loads of less than 20% (Baffaut and Delleur, 1990).
Alley and Smith (1981) and Alley (1981) presented optimization procedures for
estimating accumulation and washoff parameters. However the methodology only estimates
parameters for effective impervious surfaces under the assumption that storm runoff and
associated loads are predominantly from effective impervious surfaces.
Modeling LID

SWMM 5 allows for the explicit hydrologic modeling of LID techniques within a
subcatchment via two different approaches. One or more LID controls can be placed within a
subcatchment, displacing an equal amount of non-LID area; alternatively, a subcatchment can be
designated as being made up entirely of a single LID practice. The first approach allows for
multiple LID techniques within a subcatchment, each with the capability of treating a userdefined percentage of runoff generated from the subcatchment’s impervious areas (Rossman,
2010). This option prohibits the ability of LID techniques to act in parallel; it is not possible, for
16

example, to model a rain garden whose underdrain discharges to a grassed swale. Additionally,
it is not possible for the LID techniques to collect runoff generated from pervious areas. The
second approach requires a higher degree of subcatchment spatial representation as LID
techniques such as rain gardens and grassed swales need to be created as individual
subcatchments. This option has greater flexibility in runoff routing, allowing for LID techniques
to work in parallel and to receive runoff from pervious areas.

SWMM solves a mass balance equation at each time-step in order to track water
movement through an LID technique. The five types of LID controls available (bio-retention
cell, infiltration trench, porous pavement, rain barrel, and vegetative swale), each have a unique
set of parameters controlling applicable runoff, storage, evapotranspiration, and infiltration
processes. Lawns and other open space, which are commonly considered LID, are not explicitly
modeled as an LID control, but as subcatchments with 0% imperviousness area.

Several researchers have modeled LID practices using earlier versions of SWMM (Abi
Aad et al., 2009; Eichenwald and McGarity, 2010; James et al., 2003; Kahder and Montalto,
2008). These studies occurred prior to the addition of explicit LID controls in SWMM and
typically involved calibrating the model in an existing developed watershed, and then simulating
hypothetical LID retrofits. Damodaram et al. (2010) used the Curve Number method to describe
the performance of LID techniques including porous pavements and green roofs. Two small
precipitation events with rainfalls totaling 18 mm and 45 mm, and three 24-h design storms (2-,
10-, and 100-year) were used to evaluate LID effectiveness. Modeled results indicated that LID
techniques had a significant impact on stormwater runoff from small events. Modeled LID
retrofits to a developed Texas watershed reduced peak flow from the 18 mm event by over 50%.
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However the maximum reduction in peak flow from the 100-year event was only 3%.
Simulated LID techniques may be affected by the resolution in which subcatchments are drawn.

Comparison of predicted data to observed data is necessary in order to perform a postaudit validation of a model (Anderson and Woessner, 1992). To date, no studies have
investigated the accuracy of predictions made by a SWMM simulation using LID. Observed
data is needed in order to demonstrate whether SWMM 5 LID controls can predict runoff.
PARAMETER SENSITIVITY
A model sensitivity analysis can help to understand which model inputs are most
important/sensitive and to identify potential limitations of the model. Sensitivity analysis ranks
parameters in order of their importance/sensitivity with respect to model results. The analysis
reveals which parameters have the greatest influence on model output and therefore which are
the most effective in reducing variance between simulated results and observed data (McCuen,
1972). Though previous studies and model documentation can provide information on model
sensitivity, it may be necessary to perform a sensitivity analyses for a specific study watershed
(Engel, et al., 2007).
Relative parameter sensitivity (S) can be defined as the derivative of model output with
respect to the adjusted parameter (7):
$%

&

 #$& ' #%'

(7)

where ∂R = difference between original and new model ouput, ∂P = difference between original
and adjusted parameter value, R = original model output, P= original value of parameter of
interest (James and Burges, 1982). However, Gardner et al. (1981) suggest limitations of
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sensitivity analysis, including the assumption of linearity due to analysis using partial
derivatives, lack of consideration to higher-order effects resulting from correlation between
parameters, and a lack of consideration of large errors in parameter estimation and the higherorder effects these errors may have. The authors propose using a correlation coefficient derived
from Monte Carlo simulations to rank model parameters.
Sensitive SWMM parameters identified in previous studies are presented in Table 3.
Numerous studies have cited that runoff volume is most sensitive to percent impervious area (%
Imperv) of a subcatchment (Jewell et al. 1978; Liong et al., 1991; Baffaut and Delleur, 1989).
Zaghoul and Al-Shurbaji (1990) used observed rainfall and runoff data to model single events in
a watershed in Kuwait. The authors assumed only streets and paved areas contributed to runoff
and therefore did not adjust infiltration parameters beyond their initial values. Percent
imperviousness for subcatchments was determined through planimetrics. The authors concluded
that runoff volume was most sensitive to the impervious depression storage (Dstore-Imperv) and
Manning’s n for impervious areas (N-Imperv) while the shape of the hydrograph was sensitive to
subcatchment width (Table 3).
Tsihrintzis and Hamid (1998) used single event simulations to predict observed
stormwater runoff in four urban catchments in Florida. Dstore-Imperv was generally found to be
the most sensitive parameter, followed by Manning’s n for pipes and overland flow, then GreenAmpt infiltration parameters (suction head, initial soil moisture deficit and saturated hydraulic
conductivity), and finally pervious depression storage (Dstore-Perv). The authors fit linear
regression through the predicted and observed data; slopes were 0.69 for peak flows and 1.11 for
runoff depth. A 1.0 slope would be ideal. Both peak flow and runoff depth had an R2 of 0.88 for
observed versus predicted values.
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Table 3. Sensitive SWMM Parameters Identified in Previous Studies for Runoff Volume and
Peak Flow.
Description
Percent impervious
Impervious area depression storage
Subcatchment width
Manning's n for impervious area
Slope
Pervious are depression sotrage
Saturated hydraulic conductivity
Soil capillary suction head
Initial soil moisture deficit
Manning's n for pervious area

Runoff volume
% Imperv1,2,3,4,5,7
Dstore-Imperv1,4,6,7,8
Width2,3
N-Imperv2,7,8
% Slope2
Dstore-Perv6,7
Ksat6†
Suction head6†
IMD6†
N-Perv7

1

Barco, et al. (2008)
Baffaut and Delleur (1989)
3
Tan et al. (2011)
4
Jewell et al. (1978)
5
Liong et al. (1991)
2

6

Tsihrintzis and Hamid (1998)

7

Zaghol (1983)

8

Zaghoul and Al-Shurbaji (1990)

† Study did not distinguish between volume and peak flow
sensitivity
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Peak flow
% Imperv1,3,5,7
Dstore-Imperv1,7
Width3,4,7,8
N-Imperv2,4,5,6,7
% Slope3
Dstore-Perv1,7
Ksat6†
Suction head6†
IMD6†
N-Perv1,6,7

In a study using hypothetical watersheds, Zaghloul (1983) demonstrated that peak flow
and volume have greater sensitivity to infiltration parameters in areas with a lower percent of
imperviousness. These results suggest that SWMM parameter sensitivity may be dependent on
the physical characteristics, such as percent imperviousness, of a subcatchment. Furthermore,
previous sensitivity analyses have often focused on % Imperv, implying that imperviousness was
not accurately measured for the study watersheds and thus suitable for adjustment. Therefore, it
appears necessary to conduct a sensitivity analysis prior to calibrating SWMM for a new
watershed.
METHODS OF CALIBRATION AND VALIDATION

Calibration involves minimizing the deviation between model output and corresponding
measured data by adjusting model parameter values (Jewell et al., 1978). Parameter values
should be consistent with watershed characteristics that they describe (James and Burges, 1982)
and fall within the ranges reported in literature (Thomann, 1982). For hydrologic/water quality
models, water quantity is typically calibrated first. Measured data are often split into two
datasets, one used for calibration and one used for validation. These datasets should have data of
similar magnitude and include periods of high and low flows to increase robustness (Engel et al.,
2007). James and Burges (1982) suggest using five consecutive years of hydrological and
meteorological data that includes high and low flow events for calibration and using 3 to 5 years
immediately following the calibration period for verification. However, others suggest that the
time frame used in calibration and validation is dependent on the objectives of the study (Engel
et al., 2007). Gan et al. (1997) used 2, 5, and 10 years of data to calibrate the Pitman,
Sacramento, NAM, Xinanjiang, and SMAR models for a river basin in Africa. The authors
concluded there was no indication that these models performed better when calibrated with 10
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years or 2 years of data. However, they suggested that the data length should not be less than 1
hydrological year. Similar guidance on long term continuous modeling using SWMM was
unavailable.
Models can be calibrated manually, automatically, or by a combination of these two
approaches. Manual calibration involves an individual with expertise in a specific model using a
trial-and-error process to perform parameter adjustments. Automatic calibration uses
optimization routines to estimate “best” values for parameters within user defined upper and
lower bounds (Boyle et al., 2000).
Comparing Simulated and Observed Results

During calibration, graphical techniques are useful to visually compare results and are a
necessary first step when evaluating model performance (ASCE, 1993). Hydrographs can be
used to compare the timing and magnitude of peak flows and shape of recession curves of the
simulated and measured data (Moriasi et al.,2007).
Goodness-of-fit statistics go beyond graphical techniques to provide evaluation measures
necessary to describe model performance compared to observed data (Reckhow and Chapra,
1983; Engel et al,. 2007, ASCE, 1993). Measurements of goodness-of-fit include Pearson’s
correlation coefficient (r), the coefficient of determination (R2), Nash-Sutcliffe efficiency (NSE)
coefficient, and error indices such as the mean square error and root mean square error (Moriasi,
et al., 2007).
The NSE (Nash and Sutcliffe, 1970) indicates how well the simulated data match the
observed data compared to a 1:1 line. NSE is computed from:
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where Yiobs is the ith observed value, Yisim is the ith simulated value, Yimean is the mean of the
observed value, and n is the total number of observations. NSE is a useful statistic because it
accounts for differences in observed and simulated means and variances, but also NSE is
sensitive to extreme values because of the use of squared differences (Legates and McCabe,
1999). NSE ranges between -∞ and 1, with NSE=1 indicating a perfect fit. Positive values
between 0 and 1 are typically considered acceptable levels of performance, whereas negative
values are considered unacceptable as they indicate that the mean value of the observed time
series is a better predictor than the model (Moriasi, et al., 2007). Dongquan et al., (2009) posited
that an NSE greater than 0.5 indicates acceptable model performance for SWMM simulation.
The SWMM user manual does not provide guidance on calibration methodology.
Researchers have used a variety of methods to calibrate SWMM that involve both manual
(Maalel and Huber, 1984; Jewell et al.,1978; James and Burges, 1982; Cambez et al., 2008) and
automatic methods (Barco et al,. 2008; Liong et al., 1991; Baffaut and Delleur, 1989; Baffaut
and Delleur, 1990, Wang and Altunkaynak, 2012). Jewel (1978) and Warwick and Tadepalli
(1991) found that manually calibrating SWMM using a single storm event would lead to
different predictions depending on the storm used. Jewel (1978) suggested calibrating SWMM
using multiple single events, emphasizing agreement of predicted and observed values over the
entire calibration set rather than individual storm events (Jewel, 1978). Maalel and Huber
(1984) expanded on this methodology and used continuous simulation to calibrate SWMM using
data from nine storms and separating them by an arbitrarily selected time of 5 hours. Many other
authors have also used multiple single storms to calibrate SWMM. Liong et al., (1991)
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calibrated SWMM using 5 storms occurring between 1978 and 1986. Barco et al. (2008)
calibrated using 10 storms occurring between 1994 and 1996; 5 storms for calibration and 5
storms for validation. Zug et al., (1999) calibrated SWMM using 5 storms occurring between
1980 and 1991 and performed validation using two storms.
Jewell (1978) proposed a methodology for calibrating SWMM for both runoff quantity
and quality. Quantity was calibrated first using a distributed model consisting of 76
subcatchments. Six storm events, occurring between 1975 and 1976 were used for calibration.
Runoff quality calibration used a lumped subcatchment and did not use rainfall data to generate
runoff, but instead incorporated measured flow rates into SWMM to predict pollutant washoff.
The quantity and quality portions of the model were each verified using two storms not used for
their respective calibrations.
Tan et al., (2008) compared calibrating SWMM for event-based and continuous
stormflow periods. The authors found that both approaches produced reliable hydrographs and
direct runoff volumes. However, neither approach successfully predicted runoff for low flow
events. Of the 106 events used for validation, 40 events with peak flows ranging from 0.77
to10.6 m3/s had negative NSE coefficients.
SWMM modeling guidelines developed for the county of Fairfax, Virginia, for watershed
management planning studies, recommends calibrating using a continuous 3-year period which
includes “average” and “wet” years and using single event simulation to verify the model using
one or two major storms (CDM, 2003).
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MODELING LARGE, LESS FREQUENT STORMS

Stormwater regulations often address public safety and property protection concerns by
implementing flood control requirements (National Research Council, 2008). Engineers and
planners are typically required to design conveyance systems to a particular storm size or
frequency duration. Municipalities often have ordinances requiring that the post development
peak flow rate for a given storm does not exceed the predevelopment peak for the same storm
(Roesner et al., 2001).
For a given area, the probability of the occurrence of a particular storm is estimated
through analysis of that area’s rainfall depth- or intensity-duration-frequency. A storm’s return
period is derived from these analyses and is expressed as the percent chance that a storm of a
given depth or intensity and duration will occur in any given year. It is calculated as the inverse
of the probability of occurrences in a given year (Dingman, 2002). Thus a storm with a 50%
chance of occurring in any given year is a 2-year storm, and one with a 1% chance of occurring
in any given year is a 100-year storm.
Although continuous simulation is increasingly in use for design flood estimation
(Pathiraja et al. 2012), most current design flood estimation is event-based (Boughton and
Droop, 2002). These simulations typically use design storms of a given recurrence interval that
are either a synthetic storm in which a rainfall distribution is generated for a given total depth
occurring over a given total length of time, or data from an actual storm event (USDA SCS,1986).
In order to model these storms in a rainfall-runoff model, precipitation is typically input
as a time series of volume or intensity. Levy and McCuen (1999) found that a 24-h storm
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duration was appropriate for small watersheds ranging between 2-50 mi2. This duration was
found to produce the annual maximum instantaneous discharges.
Detention basins and other BMPs are often sized to detain storms with 10-year or greater
recurrence intervals (Roesner et al., 2001). Connecticut stormwater guidance recommends the
10-, 25-, and 100-year peak discharge rates be controlled to the corresponding pre-development
peak discharge rates (CT DEP, 2004). LID design has typically been focused on treating
smaller, more frequent storms. The recommended design storm for LID has been the greater of
the 1-year 24-h storm or the storm at which runoff would begin using a pre-development CN
(Prince George’s County, 1999b). The latter approach calculates the design rainfall depth as the
initial abstraction multiplied by 1.5 to account for runoff attenuation. Using a combination of
hydrologic soil groups B and C, the CN method resulted in a design rainfall of 2.25 in for Prince
George’s County, MD (1999b), while the 1-year 24-h storm for that area ranges from 2.25 to 3 in
(U.S. Department of Commerce, 1963). However, examples provided in the Prince George’s
County (1999b) consistently used a design storm of 5 in. They further noted that additional
storage may be necessary to provide water quality treatment for the first ½ in of runoff from
impervious surfaces.
CONCLUSIONS

SWMM has been shown to successfully predict stormwater quantity, although accuracy
for individual events may vary. Less success has been achieved in predicting stormwater quality.
Calibration of SWMM increases prediction and a sensitivity analysis should be conducted to
identify and prioritize the parameters with the most effect on model output. SWMM version
5.0.022 allows for the explicit modeling of LID techniques and their effects on runoff quantity.
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Several studies have modeled LID techniques using SWMM, though no studies have utilized
observed data from an LID watershed to calibrate the model. Before wide-spread adoption of
SWMM for LID simulation should occur, a post-audit verification of SWMM’s ability to predict
runoff quantity and quality from an LID watershed using observed data is needed.

27

LITERATURE CITED
Abi Aad, M. P. M. T. Suidan, and W. D. Shuster, 2010. Modeling techniques of best
management practices: Rain barrels and rain gardens using EPA SWMM-5. Journal of
Hydrologic Engineering, 15(6), 434-443, doi: 10.1061/(ASCE)HE.1943-5584.0000136.

Ahmad, M., 1980. Methodology for lumped SWMM modeling. Proceedings of Stormwater
Management Model (SWMM) Users Group Meeting 10-11 January 1980, USEPA,
Washington, D.C., pp. 67-79.

Alley, W. M., 1981. Estimation of impervious-area washoff parameters. Water Resour. Res.,
17(4), 1161-1166. doi: 10.1029/WR017i004p01161.

Alley, W. M. and P. E. Smith, 1981. Estimation of accumulation parameters for urban runoff
quality modeling. Water Resour. Res., 17(6), 1657-1664. doi: 10.1029/WR017i006p01657.

American Public Works Association (APWA), 1969. Water Pollution Aspects of Urban Runoff,
U.S. Department of the Interior, Federal Water Pollution Control Administration.

American Society of Civil Engineers, 1993. Criteria for evaluation of watershed models. Journal
of Irrigation & Drainage Engineering, 119(3), 429-442, doi: 10.1061/(ASCE)07339437(1995)121:1(130).

Anderson, M.P. and W. W. Woessner, 1992. The role of the postaudit in model validation.
Advances in Water Resources, 15, 167-173, doi: 10.1016/0309-1708(92)90021-S

28

Arnold, C. L. and C. J. Gibbonns, 2007. Impervious surface coverage: The emergence of a key
environmental indicator. Journal of the American Planning Association, 62(2), 243-258,
10.1080/01944369608975688.

Baffaut, C. and J. Delleur, 1989. Expert system for calibrating SWMM. Journal of Water
Resources Planning and Management, 115(3), 278-298, doi: 10.1061/(ASCE)07339496(1989)115:3(278).

Baffaut, C. and J. W. Delleur, 1990. Calibration of SWMM runoff quality model with expert
system. Journal of Water Resources Planning and Management, 116(), 247-261, doi:
10.1061/(ASCE)0733-9496(1990)116:2(247).

Bannerman, R.T., D.W., Owens, R.B. Dodds, and N.J., Hornewer, 1993. Sources of pollutants
in Wisconsin stormwater. Water Science Technology, 29(3-5), 241-259.

Barco, J., K. M. Wong, and M. K. Stenstrom, 2008. Automatic calibration of the U.S. EPA
SWMM model for a large urban catchment. Journal of Hydraulic Engineering, 134(4), 466474, doi: 10.1061/(ASCE)0733-9429(2008)134:4(466).

Beaulac, M. N. and K. H. Reckhow, 1982. An examination of land use - nutrient export
relationships. Journal of the American Water Resources Association (JAWRA) 18(6), 10131024, doi: 10.1111/j.1752-1688.1982.tb00109.x.

Bedan, E. S. and J. C. Clausen, 2009. Stormwater runoff quality and quantity from traditional
and low impact development watersheds. Journal of the American Water Resources
Association (JAWRA) 45(4), 998-1008, doi: 10.1111/j.1752-1688.2009.00342.x.

29

Booth, D. B., 1990. Stream-channel incision following drainage-basin urbanization. Journal of
the American Water Resources Association (JAWRA) 26(3), 407-417, doi: 10.1111/j.17521688.1990.tb01380.x.

Booth, D. B., J. R. Karr, S. Schauman, C. P. Konrad, S. A. Morley, M. G. Larson, S.J. Burges,
2004. Reviving urban streams: land use, hydrology, biology, and human behavior. Journal
of the American Water Resources Association (JAWRA) 40(5), 1351-1364, doi:
10.1111/j.1752-1688.2004.tb01591.x.

Booth, D. B. and J. Leavitt, 1999. Field evaluation of permeable pavement systems for improved
stormwater management. Journal of the American Planning Association, 65(3), 314-325,
doi: 10.1080/01944369908976060.

Boughton, W. and O. Droop, 2003. Continuous simulation for design flood estimation—a
review. Environmental Modelling & Software, 18(4), 309-318, doi: 10.1016/S13648152(03)00004-5

Boyle, D.P., H.V. Gupta, S. Sorooshian, 2000. Toward improved calibration of hydrologic
models: Combining the strength of manual and automatic methods. Water Resour. Res.,
36(12), 3663-3674, doi: 10.1029/2000WR900207.

Brander, K. E., K. E. Owen, and K. W. Potter, 2004. Modeled impacts of development type on
runoff volume and infiltration performance. Journal of the American Water Resources
Association (JAWRA) 40(4), 961-969, doi: 10.1111/j.1752-1688.2004.tb01059.x.

30

Brattebo, B. O. and D. B. Booth, 2003. Long-term stormwater quantity and quality performance
of permeable pavement systems. Water Research, 37(18), 4369-4376, doi: 10.1016/S00431354(03)00410-X.

Cambez, M. J., J. Pinho, and L. M. David, 2008. Using SWMM 5 in the continuous modelling of
stormwater hydraulics and quality. Paper presented at the 11th International Conference on
Urban Drainage, Edinburgh, Scotland, UK.

CDM, 2003. Technical memoranda No. 3, stormwater model and GIS interface guidelines.
County of Fairfax Department of Public Works and Environmental Services Stormwater
Planning Division. Fairfax Co., VA.

Collins, K. A., W. F. Hunt, and J. M. Hathaway, 2006. Evaluation of various types of permeable
pavements with respect to water quality improvement and flood control. Paper presented at
the 8th International Conference on Concrete Block Paving, San Francisco, CA.

Connecticut Department of Environmental Protection, 2004. 2004 Connecticut stormwater
quality manual. Connecticut Department of Environmental Protection, Hartford, CT.

Damodaram, C., M. H. Giacomoni, C. Prakash Khedun, H. Holmes, A. Ryan, W. Saour, et al.,
2010. Simulation of combined best management practices and low impact development for
sustainable stormwater management. Journal of the American Water Resources Association
(JAWRA) 46(5), 907-918, doi: 10.1111/j.1752-1688.2010.00462.x.

31

Davis, A. P., M. Shokouhian, H. Sharma, and C. Minami, 2001. Laboratory study of biological
retention for urban stormwater management. Water Environment Research, 73(1), 5-14, doi:
10.2175/106143001X138624.

Dietz, M., 2007. Low impact development practices: A review of current research and
recommendations for future directions. Water, Air, & Soil Pollution, 186(1), 351-363, doi:
10.1007/s11270-007-9484-z.

Dietz, M. E. and J. C. Clausen, 2006. Saturation to improve pollutant retention in a rain garden.
Environ. Sci. Technol, 40, 1335 – 1340, doi: 10.1021/es051644f.

Dietz, M. E. and J. C. Clausen, 2008. Stormwater runoff and export changes with development in
a traditional and low impact subdivision. Journal of Environmental Management, 87(4),
560-566, doi: 10.1016/j.jenvman.2007.03.026.

Dingman, S. L., 2002. Physical Hydrology Second Edition. Waveland Pres, Inc. Long Grove, Il.

Dongquan, Z., C. Jining, W. Haozheng, T. Qingyuan, C. Shangbing, and S. Zheng, 2009. GISbased urban rainfall-runoff modeling using an automatic catchment-discretization approach:
a case study in Macau. Environmental Earth Sciences, 59(2), 465-472, doi: 10.1007/s12665009-0045-1.

Eichenwald, Z. Z. and A.E. McGarity, 2010. Watershed-based optimal stormwater management:
Part 2 - Hydrologic Modeling of LID/BMP sites on Little Crum Creek in suburban
Philadelphia. Proceedings of World Environmental and Water Resources Congress 2010:
Challenges of Change, ASCE, 2522-2530.

32

Engel, B., D. Storm, M. White, J. Arnold, and M. Arabi, 2007. A hydrologic/water quality model
application. Journal of the American Water Resources Association (JAWRA) 43(5), 12231236, doi: 10.1111/j.1752-1688.2007.00105.x.

Gan, T. Y., E. M. Dlamini, and G. F. Biftu, 1997. Effects of model complexity and structure,
data quality, and objective functions on hydrologic modeling. Journal of Hydrology,
192(1–4), 81-103, doi: 10.1016/S0022-1694(96)03114-9.

Gardner, R. H., R. V. O'Neill, J. B. Mankin, and J. H. Carney, 1981. A comparison of sensitivity
analysis and error analysis based on a stream ecosystem model. Ecological Modelling,
12(3), 173-190, doi: 10.1016/0304-3800(81)90056-9.

Gilbert, J. K. and J. C. Clausen, 2006. Stormwater runoff quality and quantity from asphalt,
paver, and crushed stone driveways in Connecticut. Water Research, 40(4), 826-832, doi:
10.1016/j.watres.2005.12.006.

Hollis, G. E., 1975. The effect of urbanization on floods of different recurrence interval. Water
Resources Research, 11(3), 431-435, doi: 10.1029/WR011i003p00431.

Hollis, G. E., 1977. Water yield changes after urbanization of the Canon's Brook catchment,
Harlow, England. Hydrological Sciences Bulletin, 22(1), 61-75, doi:
10.1080/02626667709491694.

Hope, D., M. W. Naegeli, A. H. Chan, and N. B. Grimm, 2004. Nutrients on asphalt parking
surfaces in an urban environment. Water, Air, & Soil Pollution: Focus, 4(2), 371-390.

33

James, L. D. and S.J. Burges, 1982. Selection, calibration, and testing of hydrologic
models. Chapter 11 in: Hydrologic Modeling of Small Watersheds, C.T. Haan (Editor).
American Society of Agricultural Engineers, St. Joseph, Michigan, 437-472.

James, W., W.R.C. James, H. von Langsdorf, 2003 Computer aided design of permeable
concrete block pavement for reducing stresses and contaminants in an urban environment.
Proceedings of the seventh international conference on concrete block paving (PAVE
AFRICA), Sun City, South Africa.

Jennings, D. B. and S. Taylor Jarnagin, 2002. Changes in anthropogenic impervious surfaces,
precipitation and daily streamflow discharge: a historical perspective in a mid-atlantic
subwatershed. Landscape Ecology, 17(5), 471-489, doi: 10.1023/A:1021211114125.

Jewell, T. K., T. J. Nunno, and D. D. Adrian, 1978. Methodology for calibrating stormwater
models. Journal of the Environmental Engineering Division, 104(3), 485-501.

Kercher, W. C., J.C. Landon, and R. Massarelli, 1983. Grassy swales prove cost-effective for
water pollution control. Public Works, 16(5), 53.

Khader, O. and F. A. Montalto, 2008. Development and calibration of a high resolution SWMM
model for simulating the effects of LID retrofits on the outflow hydrograph of a dense urban
watershed. Low impact development for urban ecosystems and habitat protection
proceedings of the 2008 Low Impact Development Conference. Seattle, WA.

34

Legates, D. R. and G. J. McCabe Jr., 1999. Evaluating the use of “goodness-of-fit” measures in
hydrologic and hydroclimatic model validation. Water Resour. Res., 35(1), 233-241, doi:
10.1029/1998WR900018.

Leopold, L. B., 1968. Hydrology for urban land planning - a guidebook on the hydrologic effects
of urban land use. Geological Survey Circular 554.

Levy, B. and R. McCuen, 1999. Assessment of storm duration for hydrologic design. Journal of
Hydrologic Engineering, 4(3), 209-213, doi: 10.1061/(ASCE)1084-0699(1999)4:3(209).

Line, D. E., N. M. White, D. L. Osmond, G. D. Jennings, and C. B. Mojonnier, 2002. Pollutant
export from various land uses in the Upper Neuse River basin. Water Environment
Research, 74(1), 100-108.

Liong, S., W. Chan, and L. Lum, 1991. Knowledge‐based system for SWMM runoff component
calibration. Journal of Water Resources Planning and Management, 117(5), 507-524, doi:
10.1061/(ASCE)0733-9496(1991)117:5(507).

Maalel, K. and W.C. Huber, 1984. SWMM calibration using continuous and multiple event
simulation. Modelling of Storm Sewer Systems, 2, 595-604.

Makepeace, D. K., D. W. Smith, and S. J. Stanley, 1995. Urban stormwater quality: Summary of
contaminant data. Critical Reviews in Environmental Science and Technology, 25(2), 93139, doi: 10.1080/10643389509388476.

35

Metcalf and Eddy, University of Florida, Water Resources Engineers. 1971. Storm Water
Management Model, Vol. I. Final Report, 11024DOC07/71 (NTIS PB-203289), U.S. EPA,
Washington, D.C.

McCuen, R. H., 1973. The role of sensitivity analysis in hydrologic modeling. Journal of
Hydrology, 18(1), 37-53, doi: 10.1016/0022-1694(73)90024-3.

Moriasi, D. N., J. G. Arnold, M. W. Van Liew, R. L. Bingner, R. D. Harmel, and T. L. Veith,
2007. Model evaluation guidelines for systematic quantification of accuracy in watershed
simulations. Transactions of the ASABE, 50(3), 885-900.

Muthanna, T. M., M. Viklander, and S. T. Thorolfsson, 2008. Seasonal climatic effects on the
hydrology of a rain garden. Hydrological Processes, 22(11), 1640-1649, doi:
10.1002/hyp.6732.

Nash, J. E. and J. V. Sutcliffe, 1970. River flow forecasting through conceptual models part I - A
discussion of principles. Journal of Hydrology, 10(3), 282-290, doi: 10.1016/00221694(70)90255-6.

National Research Council (US) Committee on Reducing Stormwater Discharge Contributions to
Water Pollution, 2008. Urban stormwater management in the United States. The National
Academies Press. Washington, D.C.

Pathiraja, S., S. Westra, and A. Sharma, 2012. Why continuous simulation? The role of
antecedent moisture in design flood estimation. Water Resources Research., 48(6), 1-15,
doi: 10.1029/2011WR010997.

36

Pratt, C. J., D. G. Mantle, and P. A. Schofield, 1989. Urban stormwater reduction and quality
improvement through the use of permeable pavements. Water Science and Technology,
21(8-9), 769-778,

Prince George's County, 1999a. Low-impact development design strategies. An integrated design
approach. Prince George’s County and Maryland Department of Environmental Resources,
Largo, Maryland.

Prince George's County, 1999b. Low-impact development hydrologic analysis. Prince George’s
County and Maryland Department of Environmental Resources, Largo, Maryland.

Reckhow, K. H. and S. C. Chapra, 1983. Confirmation of water quality models. Ecological
Modelling, 20(2–3), 113-133.

Roesner, L., B. P. Bledsoe, and R. W. Brashear, 2001. Are best-management-practice criteria
really environmentally friendly? Journal of Water Resources Planning & Management,
127(3), 150-154, doi: 10.1061/40430(1999)162.

Rossman, L. A., 2010. Storm Water Management Model user's manual version 5.0. United States
Environmental Protection Agency, Water Supply and Water Resources Division, National
Risk Management Research Laboratory. Cincinnati, OH.

Rushton, B. T., 2001. Low-impact parking lot design reduces runoff and pollutant loads. Journal
of Water Resources Planning & Management, 127(3), 172-179, doi:
10.1061/40430(1999)120.

37

Sartor, J. D.; Boyd, G.B.; Agardy, F.T., 1974. Water pollution aspects of street surface
contaminants. Journal Water Pollution Control Federation, 46(3), 468-467.

Schueler, T. R, 1987. Controlling urban runoff: a practical manual for planning and designing
urban BMPs. Metropolitan Washington Council of Governments. Washington, DC.hjjgh

Schueler, T., 1994a. The importance of imperviousness. Watershed Protection Techniques, 1(3),
100-111. Center for Watershed Protection, Elliot City, MD.

Schueler, T., 1994b. Use of open space design to protect watersheds. Watershed Protection
Techniques, 1(3), 137-140. Center for Watershed Protection, Elliot City, MD.

Schueler, T., 1994c. Performance of grassed swales along east coast highways. Watershed
Protection Techniques, 1(3), 122-123. Center for Watershed Protection, Elliot City, MD.

Singh, V. P. and D. K. Frevert, 2006. Watershed models. CRC Press. Boca Raton, LA.

Smith, V.H., Tilman, D.D., Nekola, J.C., 1999. Eutrophication: impacts of excess nutrient inputs
on freshwater, marine, and terrestrial ecosystems. Environmental Pollution, 100, 179-196,
doi: 10.1016/S0269-7491(99)00091-3.

Tan, S. B. K., L. H. C. Chua, E. B. Shuy, E. Y. Lo, and L. W. Lim, 2008. Performances of
rainfall-runoff models calibrated over single and continuous storm flow events. Journal of
Hydrologic Engineering, 13(7), 597-607, doi: 10.1061/(ASCE)1084-0699(2008)13:7(597)).

Thomann, R. V., 1982. Verification of water quality models. Journal of the Environmental
Engineering Division, 108(5), 923-940

38

Tsihrintzis, V. A. and R. Hamid. 1998. Runoff quality prediction from small urban catchments
using SWMM. Hydrological Processes, 12(2), 311-329, doi: 10.1002/(SICI)10991085(199802)12:2<311::AID-HYP579>3.0.CO;2-R

U.S. Department of Agriculture, Soil Conservation Service, 1986. Urban hydrology for small
watersheds. Technical release No. 55. USDA-NRCS, Conservation Engineering Division,
Washington, D.C.

U.S. Department of Commerce. 1963. Rainfall Frequency Atlas of the United States for
Durations from 30 minutes to reours and Return Periods from 1 to 100 Years.
Technical Paper 40. Weather Bureau, Washington, D.C.

U.S. Environmental Protection Agency, 1983. Results of the Nationwide Urban Runoff Program.
Vol 1. Water Planning Division. United States Environmental Protection Agency,
Washington, D.C.

U.S. Environmental Protection Agency, 2000. Low Impact Development (LID): A literature
review. EPA-841-B-00-005. United States Environmental Protection Agency, Office of
Water, Washington, D.C.

U.S. Environmental Protection Agency, 2011. List of SWMM 5.0 updates and big
fixes. Available online at
http://www.epa.gov/nrmrl/wswrd/wq/models/swmm/epaswmm5_updates.txt. Accessed
10/2/2012.
U.S. Environmental Protection Agency (USEPA), 2012. Integrated reporting (ATTAINS).Water
quality assessment and maximum daily loads information. National summary of state
39

information. Office of Water. Washington, D.C.
http://ofmpub.epa.gov/waters10/attains_nation_cy.control. Accessed 4/8/2012.

Wang, K. and A. Altunkaynak, 2012. Comparative case study of rainfall-runoff modeling
between SWMM and fuzzy logic approach. Journal of Hydrologic Engineering, 17(2), 283291, doi: 10.1061/(ASCE)HE.1943-5584.0000419.

Warwick, J. and P. Tadepalli, 1991. Efficacy of SWMM application. Journal of Water Resources
Planning and Management, 117(3), 352-366, doi: 10.1061/(ASCE)07339496(1991)117:3(352).

Zaghloul, N. A., 1983. Sensitivity analysis of the SWMM runoff-transport parameters and the
effects of catchment discretisation. Advances in Water Resources, 6(4), 214-223, doi:
10.1016/0309-1708(83)90059-3.

Zaghloul, N. A. and A. M. Al-Shurbaji, 1990. A storm water management model for urban areas
in Kuwait. Journal of the American Water Resources Association, 26(4), 563-575, doi:
10.1111/j.1752-1688.1990.tb01394.x.

Zug, M., L. Phan, D. Bellefleur, and O. Scrivener, 1999. Pollution wash-off modelling on
impervious surfaces: Calibration, validation, transposition. Water Science and Technology,
39(2), 17-24, doi: 10.1016/S0273-1223(99)00004-9.

40

POST-AUDIT VERIFICATION OF THE MODEL SWMM FOR LOW IMPACT
DEVELOPMENT
ABSTRACT

The Storm Water Management Model (SWMM) version 5.0.022 was used to predict
flows and pollutant export from a residential watershed using low impact development (LID)
techniques and a watershed using traditional curb and gutter runoff management. The LID
watershed was simulated as a distributed parameter model consisting of 105 subcatchments,
while the traditional watershed was modeled as a single lumped catchment. Simulations to
predict a 45 week period of weekly runoff volume and peak flows using default values and
values obtained from the literature resulted in more than 80% under-prediction of total weekly
runoff volume and average peak flow from the LID watershed; the traditional watershed underpredicted total weekly runoff by 17% and average peak flow by 11%. Sensitivity analysis
identified saturated hydraulic conductivity, Manning’s n for swales, and initial soil moisture
deficit as having the greatest influence on runoff for the LID watershed. Sensitive parameters
were used to calibrate weekly runoff and peak flow for a 45 week period and validation was
performed using a separate 46 week period. After calibration, prediction of total weekly runoff
volume for the LID and traditional watersheds improved to within 12% and 5% of observed
values, respectively. For the validation period, prediction of total weekly runoff volume for the
LID and traditional watersheds were within 6% and 2% of observed values, respectively.
Average peak flow simulation yielded similar results. Simulation of a 100-year, 24-h storm
resulted in a runoff coefficient of 0.46 for the LID watershed and 0.59 for the traditional
watershed; more frequent storms resulted in even lower runoff coefficients. These results predict
that LID practices likely have stormflow control benefits even during large storms.
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INTRODUCTION

Urban development has been documented to result in increased peak flows and total
runoff volume (Leopold, 1968; Hollis, 1977; Jennings and Jarnagin, 2002). Stormwater runoff
from urban areas also is a source of nitrogen and phosphorus (Line et al., 2002; Hope et al.,
2004). Urban stormwater runoff is a leading cause of impairment for receiving waters in the
country (USEPA, 2012). The Storm Water Management Model (SWMM) is a widely used
rainfall-runoff simulation model whose latest version has the ability to model low impact
development (LID) techniques (Gironás, et al., 2010). The goal of LID is to maintain the predevelopment hydrology of a site, thereby reducing negative effects on receiving waters (Prince
Georges County, 1999a). LID techniques include cluster development, bioretention areas,
permeable pavement, and grassed swales that serve to reduce imperviousness and manage excess
runoff through storage, infiltration, evapotranspiration, and retention. LID techniques used at a
watershed level have been demonstrated to significantly reduce stormwater runoff volume, peak
flow and mass exports of several pollutants in stormwater compared with traditional
development (Dietz and Clausen, 2008; Bedan and Clausen, 2009).
LID design has traditionally been aimed at capturing and treating storms with
return periods less than 2-years (Prince George’s County, 1999b). However, engineers and
planners are typically required to evaluate stormwater drainage systems using larger, less
frequent events. In order to meet flood control requirements, and therefore be more widely
adapted, the effect of LID during extreme events must be accounted for. Several studies
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attempted to model LID practices in SWMM prior to the addition of explicit LID controls (Abi
Aad et al., 2010; Damodaram et al., 2010; Eichenwald and McGarity, 2010; Huber et al., 2004;
Kahder and Montalto, 2008). Gironas et al. (2010) describe simulating LID controls using the
latest version of SWMM. However, no studies have compared SWMM simulated flow to
observed flow from an LID watershed. Post-audit verification using observed data to compare to
model predictions is a necessary part of modeling protocol (Anderson and Woessner, 1992), and
should be completed before simulation of hypothetical storms.
MATERIALS AND METHODS
Study Site

SWMM version 5.0.022 was used for continuous simulation of runoff from two
watersheds located near the Long Island Sound in Waterford, Connecticut. The watersheds were
monitored for the Jordan Cove Project, a Section 319 study of the U.S. Environmental Protection
Agency (EPA)’s National Monitoring Program (Bedan and Clausen, 2009). The Jordan Cove
Project was a paired watershed study comprised of a traditional residential watershed, a
residential watershed built using LID techniques, and a control watershed. The rainfall and
runoff data for the traditional and LID watersheds were used in this study. Observed data from
the Jordan Cove Project included 91 weeks of precipitation and runoff recorded at 15 min
intervals and weekly total TN and TP export (Clausen, 2008).
The traditional watershed was 2.0 ha (4.94 ac) with 32% impervious surface coverage
and a 1.2% slope. The watershed contained 17 residential lots built using traditional zoning, an
8.5 m wide asphalt road, and a curb and gutter stormwater collection system. Roof runoff was
conveyed to either grassed lawns or driveways.

43

The LID watershed was 1.7 ha (4.2 ac) with 22% impervious coverage and a 5.9% slope.
The watershed contained 12 residential lots built using cluster housing techniques. Two main
features that distinguished the LID watershed from the traditional watershed were grassed swales
in lieu of traditional curb and gutters and a narrower, pervious concrete-paver road. A
bioretention area was placed in the cul-de-sac to reduce imperviousness and promote infiltration
and individual bioretention areas (rain gardens) were located in lawns to collect roof and lot
runoff (Bedan and Clausen, 2009).
Model Application

A georeferenced aerial image of the watersheds was imported into SWMM to allow for
subcatchment digitization and automatic calculation of areas. The LID watershed was modeled
using a distributed parameter approach that resulted in the digitization of 105 subcatchments
representing roofs, lawns, driveways, sidewalks, and individual LID controls (Figure 1). Subcatchment routing was confirmed by site visits. LID controls included 11 rain gardens, 1
bioretention area, 2 grassed swales, 1 permeable paver road, 2 permeable paver driveways, 2
crushed stone driveways, and a rain barrel. Subcatchments ranged in size from 0.3 m2 (rain
barrel) to 3,561 m2 (lawn). The traditional watershed was modeled as a single lumped parameter
subcatchment with a total area of 20,396 m2 (Figure 2).
Parameter Estimation

Initial input parameter values were estimated through a combination of field data,
literature sources, and model defaults (Table 1). Additional parameter values can be found in
Appendix A. Field visits, as-built drawings, and manufacturer specifications were used to
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FIGURE 1. SWMM Representation of the Jordan Cove LID Watershed.
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FIGURE 2. SWMM Representation of the Jordan Cove Traditional Watershed.
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TABLE 1. SWMM Parameters and Initial Values for Uncalibrated Simulation of the LID and
Traditional Jordan Cove Watersheds.
Parameter (units)
Subcatchments
Area (ha)
Width (m)
% Slope
% Imperv
N-Imperv
N-Perv
Dstore-Imperv (mm)
Dstore-Perv (mm)
% Zero-Imperv
Percent routed
Suction head (mm)
Conductivity (mm/hr)
Initial deficit (a fraction)
Snow melt
Snow vs rain (degrees C)
ATI Weight (fraction)
Negative Melt Ration (fraction)
Porous pavement - surface
Storage Depth (mm)
Manning's n
Surface Slope (percent)
Porous pavement - pavement
Thickness (mm)
Void ratio (Void/Solid)
Impervious Surface Fraction
Permeability (mm/hr)
Clogging factor
Porous pavement - storage
Height (mm)
Void Ratio (voids/solids)
Conductivity (mm/hr)
Bioretention cell - surface
Storage Depth (mm)
Bioretention cell - soil
Thickness (mm)
porosity (volume fraction)
Bio-retention cell - soil
Field capacity (volume fraction)
Wilting point (volume fraction)
Conductivity (mm/hr)
Conductivity Slope
Suction Head (mm)
Bioretention cell - storage
Conductivity (mm/hr)
Vegetative Swale - surface
Storage Depth (mm)
Manning's n

Initial Value
0.0008 - 2.0396
0.9 - 1,247.0
0.5 - 30%
0 - 100%
0.01
0.24
0.07
0.15
25%
34%
110.1
25.1
0.246

Data Source
Automatically calculated
Calculated (Rossman, 2010)
As-built drawings
Bedan and Clausen, 2009
Rossman, 2010
Rossman, 2010
Rossman, 2010
Rossman, 2010
Rossman, 2010
Field observations
Rawls, W.J. et al., 1983
USDA, NRCS, 2012
Maidment, 1993

1.1°
0.5
0.06

default
default
default

1.52
0.03
1 - 20

Rossman, 2010
James and von Langsdorff, 2003
As-built drawings

79.37
0.75
0.878
22.8 - 88.9
0.0

Manufacturer specifications
Maidment, 1993
Manufacturer specifications
Clausen, 2008
default

0 - 304.8
0.75
254

As-built drawings
default
default

15.2

As-built drawings

609.6
0.45

As-built drawings
Maidment, 1993

0.1
0.05
25.1
10
110.1

Dunne and Leopold, 1978
Dunne and Leopold, 1978
USDA, NRCS, 2012
default
Rawls, W.J. et al., 1983

25.1

USDA, NRCS, 2012

30.5
0.24

As-built drawings
Rossman, 2010
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calculate slopes, pervious pavement parameters, and the percent of impervious area routed over
pervious. Green-Ampt infiltration parameters were based on Natural Resource Conservation
Service (NRCS) hydraulic conductivity values for Udorthents-urban land and soil suction and
initial soil moisture deficit values for sandy loam (USDA-NRCS, 2012; Rawls et al., 1983;
Maidment, 1993).
Sensitivity Analysis
Sensitivity analysis was performed in order to identify which parameters would be most
effective in minimizing differences between observed and predicted results. Parameters were
adjusted over a range of ± 50% of their original value while keeping all other parameters
unchanged and the corresponding difference in runoff volume and peak flow was calculated.
Relative sensitivity was computed from equation 1:
$%

&

89:  #$& ' #%'

(1)

where ∂R = difference between original and new model ouput, ∂P = difference between original
and adjusted parameter value, R = original model output, P= original value of parameter of
interest (James and Burges, 1982).
Calibration and Validation

August 12, 2004 to June 30, 2005 was used to conduct a manual calibration. Total
rainfall for this period was approximately 111 cm. Sensitive parameters were systematically
adjusted one at a time until differences between the simulated and observed values were
minimized. A separate 46 week period from August 14, 2003 to July 08, 2004, which had
approximately 91 cm of total rainfall, was used for validation. Simulations used calibrated
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parameter values without further adjustment. Runoff was not simulated when there was a lack of
observed data as a result of equipment malfunction or during periods of snowmelt. Agreement
between predicted and observed data was assessed using coefficients of determination (R2) and
Nash Sutcliff model efficiency (NSE) coefficients (Nash and Sutcliffe, 1970).
Calibration and validation of stormwater runoff was followed by calibration and
validation of stormwater quality. No data were available on individual sources of pollutants
observed at Jordan Cove. Additionally, the exponential functions in SWMM are similar to
equations developed for the accumulation and washoff of dust and dirt on street surfaces
(APWA, 1969, Sartor et al., 1974). Therefore only impervious areas were used in simulating
weekly TN and TP export (g/ha). Initial values for maximum buildup were calculated using the
maximum observed loadings (kg/ha/week) observed at Jordan Cove multiplied by six (Baffaut
and Delleur, 1990). Washoff coefficients and exponents were taken from Baffaut and Delleur
(1990), using an initial buildup rate constant of one (Appendix B).
Rare Events

In order to simulate watershed response to rare rainfall events, synthetic 10, 25, 50, and
100-year 24-h storms were developed from Miller et al. (2002). A Type-III Soil Conservation
Service (SCS) rainfall distribution was used to disaggregate total precipitation amounts over the
24-h period at 15 min intervals (Akan and Houghtalen, 2003).
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RESULTS AND DISCUSSION
Uncalibrated Simulation

Simulation using initial parameter values yielded poor agreement between observed and
predicted runoff from the LID watershed; the traditional watershed had better results (Table 2).
Despite R2 > 0.6, runoff from the LID watershed was underpredicted (Figure 3A and B). The
NSE for LID flow volume and peak flow was poor at 0.068 and 0.111, respectively. Simulation
of runoff from the traditional watershed resulted in R2 > 0.7 and NSE of 0.785 and 0.646 for
volume and peak flow, respectively (Figure 3C and D). An NSE > 0.5 has been suggested as
acceptable for model results (Santhi et al., 2001). The traditional watershed had better
uncalibrated results than the LID watershed, even though the traditional watershed was simulated
using a lumped approach compared to the distributed approach used for the LID watershed.
Sensitivity Analysis
For the LID watershed, both peak flow and volume were found to be most sensitive to
saturated hydraulic conductivity (Ksat), followed by Manning’s n for the grassed swales and
initial soil moisture deficit (Table 3). Similarly, runoff from the traditional watershed was also
most sensitive to Ksat, followed by initial soil moisture deficit and N-Imperv (Appendix C).
Other studies have found that volume and peak flow are most sensitive to % Imperv (Jewell et
al., 1978; Baffaut and Delleur, 1989; Liong et al., 1991; Tsihrintzis and Hamid, 1998; Barco, et
al., 2008; Tan et al., 2011). However, % Imperv for both the LID and traditional watersheds was
measured and therefore not included in our sensitivity analysis. Similar to our results, studies
have found SWMM to be sensitive to infiltration parameters (Green-Ampt or Hortonian), NPerv, DStore-Perv, and DStore-Imperv (Jewell et al., 1978, Zaghoul, 1983; Liong et al., 1991;
Barco, et al., 2008; Tsihrintzis and Hamid, 1998).
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TABLE 2. Observed and predicted runoff for the LID and traditional watersheds for
uncalibrated simulation.
LID
Traditional
%
%
Observed Predicted Difference Observed Predicted Difference
Weekly Volume
(m3)
1,076
188
82.5%
3,647
3,021
17.2%
Average Peak
Flow (m3/s)

0.0048

0.0007

86.0%

50

0.0127

0.0113

11.0%

B

A

C
D

FIGURE 3.Uncalibrated Weekly
ly Runoff Volume and Peak Flow for the LID and Traditional
Jordan Cove Watersheds (August 12, 2004 – June 30, 2005). A: LID Runoff Volume; B: LID
Peak Flow; C: Traditional Runoff Volume; D: Traditional Peak Flow.
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TABLE 3: Initial Values and Relative Sensitivity (James and Burges, 1982) of
LID Watershed Stormwater Volume and Peak Flow to SWMM Parameters
Adjusted ± 10% and 50%.
± 10%
Parameter†
Ksat
Manning's n - Swale
Initial soil moisture deficit
Suction head
DStore-Perv
DStore-Imperv
Soil recovery

± 50%

Runoff
Volume

Peak
Flow

Runoff
Volume

Peak
Flow

1.12
0.35
0.14
0.3
0.05
0
0.02

0.84
0.67
0.21
0
0.11
0
0.03

1.67
0.45
0.17
0.06
0.1
0.03
0.03

0.84
0.76
0.13
0.01
0.08
0.02
0.02

†Initial parameter values are presented in Table 1 and Appendix D
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Calibration and Validation

To calibrate runoff volume and peak flow, Ksat was lowered for both watersheds (Table
4). Soil compaction occurred during construction at Jordan Cove (Clausen, 2008), therefore the
lower Ksat values are reasonable. The initial soil moisture deficit was increased in both
watersheds. Because the simulation began in August, drier soils would be expected. Suction
head was lowered for the LID watershed, but increased for the traditional watershed in order to
improve agreement with observed runoff. Greater suction head would be associated with drier
soil. Manning’s n for the LID swale was lowered from its initial value (Table 4), this decrease in
surface roughness is within the range of values for grassed waterways with moderate vegetal
resistance (Chow, 1964). Width of the traditional subcatchment was increased, reflecting a
shorter flow length for Manning’s overland flow. N-Perv was lowered in both watersheds.
Although not identified during sensitivity analysis, N-Perv increasingly influenced flow from the
LID watershed as prediction improved. Sensitivity of the monthly soil recovery factor also
increased as adjustment of other parameters improved agreement. Adjusted monthly soil
recovery ranged from 0.01 to 3.0, compared to the default value of 1.0 during calibration of the
LID watershed.
Runoff Volume and Peak Flow
The calibrated model simulated weekly runoff volume for both watersheds well (R2 >
0.9) (Figure 4A and C). The hydrograph of weekly discharge from the LID watershed showed
good agreement during the calibration period (Figure 5). Weekly peak flow during the
calibration period for the LID and traditional watersheds had R2 > 0.8 (Figure 6A and C). NSE
coefficients for the calibration period suggest both the LID and traditional simulations
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TABLE 4: Initial and Final Values of Parameters Adjusted During Calibration.
Parameter
Ksat (mm/hr)
Suction head (mm)
Initial soil moisture deficit
N-Imperv
N-Perv
Manning's n for swale†
Dstore-Perv (mm)
Dstore-Imperv (mm)
Width (m)‡
Washoff Coefficients
Nitrogen
Phosphorus

Initial values for
both watersheds

LID
calibrated

Traditional
calibrated

25.15
109.98
0.25
0.011

3.05
101.60
0.40
0.011

4.57
228.60
0.40
0.015

0.24
0.24
3.81
1.78
499

0.15
0.15
2.54
1.27
-

0.15
5.08
2.54
183

5.00
5.00

3.00
0.03

2.00
0.01

†Applies only to LID watershed
‡Applies only to traditional watershed
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performed well in predicting weekly runoff volume and peak flow (Table 5). The lowest NSE
was 0.684 for peak flow for the traditional watershed.
For the validation period, runoff volume was predicted well (R2 > 0.9) for both
watersheds (Figure 4B and D). For peak flow, the LID and traditional watersheds had R2 ≥ 0.8
Figure 6B and D). The NSE coefficients for the validation period suggest runoff volume and
peak flow were predicted well for both watersheds (Table 5). Calibration and validation
comparisons of predicted and observed weekly runoff volume and average peak flow for both the
LID and traditional watersheds showed good agreement and all predictions were within 12% of
observed values (Table 6).
Nutrient Export

The SWMM model calibrated for flow was then used to simulate nutrient export.
Uncalibrated values for buildup and washoff functions yielded surprisingly good NSE
coefficients for weekly nutrient loading for the LID watershed, but low values for the traditional
watershed (Table 7). Uncalibrated simulation of annual loadings had similar results; the
traditional watershed overpredicted TP by 25%, while the LID watershed predicted TP loading
within 12% of the observed amount (Table 8). Maximum buildup, washoff coefficients and
exponents were found to be sensitive and were adjusted. Maximum buildup was increased for
TN and TP in both watersheds (Appendix B). Adjusted washoff coefficients ranged from 0.03 to
3.00 from the original value of 1.00 (Table 4). Washoff coefficient values below 1.0 were
outside the typical ranges given by Baffaut and Delleur (1990).
Prediction of the weekly mass export of TN and TP was less accurate than runoff volume
and peak flow based on NSE coefficients during both the calibration and validation periods
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FIGURE 4: Weekly Runoff Volume for the LID and Traditional Jordan Cove Watersheds for
Calibration (August 12, 2004 – June 30, 2005) and Validation (August 14, 2003 – July 08,
2004). A: LID Runoff Volume Calibration; B: LID Runoff Volume Validation; C: Traditional
Runoff Volume Calibration;
libration; D: Traditional Runoff Volume Validation
Validation.
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FIGURE 5: Weekly discharge and rainfall for the LID watershed calibration period (August 12,
2004 – June 30, 2005).
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FIGURE 6:: Weekly Peak Flow for the LID and Traditional Jordan Cove Watersheds for
Calibration (August 12, 2004 – June 30, 2005) and Validation (August 14, 2003 – July 08,
2004). A: LID Peak Flow Calibration; B: LID Peak Flow Validation; C: Traditional Peak Flow
Calibration; D: Traditional Peak Flow Validation.
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TABLE 5. Nash-Sutcliffe Model Efficiency Coefficients for Runoff Volume and
Peak Flow for Jordan Cove LID and Traditional Watersheds.

Calibration
Validation

LID
Runoff Volume
0.918
0.875

Peak Flow
0.876
0.741

Traditional
Runoff Volume
Peak Flow
0.901
0.684
0.936
0.885

TABLE 6. Observed and predicted runoff for the LID and traditional watersheds
LID
Observed Predicted

Traditional
%
Difference

Observed Predicted

%
Difference

Calibration
Total Volume (m3)

1,076

1,162

8.0%

3,647

3,615

0.9%

Average Peak
Flow (m3/s)

0.0048

0.0047

2.1%

0.0127

0.0112

11.8%

664

625

5.9%

1,839

1,757

4.5%

0.0017

0.0015

11.8%

0.0116

0.0103

11.2%

Validation
Total Volume (m3)
Average Peak
Flow (m3/s)
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TABLE 7. Nash-Sutcliffe Model Efficiency Coefficients for Total Nitrogen and Total
Phosphorus Loading for Jordan Cove LID and Traditional Watersheds for Uncalibrated,
Calibration and Validation Simulations.
LID
Uncalibrated
Calibration
Validation

TN
0.684
0.713
0.605

Traditional
TP
0.734
0.773
0.391

TN
-1.876
0.413
0.46

TP
-0.463
0.134
-0.897

TABLE 8. Observed and Simulated Annual Loading of Total Nitrogen and Total Phosphorus
Loading for Jordan Cove LID and Traditional Watersheds for Uncalibrated, Calibration and
Validation Periods.
LID Watershed
Calibration Period
Observed Uncalibrated Calibrated
1.62
1.63
1.79
TN (kg/ha/yr)
0.27
0.24
0.23
TP (kg/ha/yr)

Validation Period
Observed Simulated
1.56
1.00
0.20
0.11

Traditional Watershed
Calibration Period
Observed Uncalibrated Calibrated
4.36
3.74
3.05
TN (kg/ha/yr)
0.68
0.85
0.44
TP (kg/ha/yr)

Validation Period
Observed Simulated
4.27
2.65
0.74
0.32
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(Table 7). Only TN export from the LID watershed had NSE > 0.5. Compared to observed
annual loadings, predicted TN from the LID watershed was underpredicted by 10% and
overpredicted by 35% for the calibration and validation periods, respectively (Table 8).
Predicted versus observed annual loadings for TP from the LID watershed and both TN and TP
were less accurate. Poor agreement between observed and predicted weekly and annual export is
likely due to observed intermittent loadings associated with fertilizer applications to lawns
during spring and summer that were not replicated by the model (Appendix E).
Rare Events

The calibrated model was used to simulate runoff for the 10, 25, 50, and 100-year
24-h rainfall events for the traditional and LID watersheds. The LID watershed had lower runoff
coefficients (22 to 26%) than the traditional watershed for all of these storms (Table 9). Runoff
coefficients were calculated as the runoff depth divided by rainfall depth. Although the LID
watershed produced less runoff during rare events, a hydrograph of discharge adjusted for
watershed area (m3/s/km2) show both watersheds had a similar peak flow response to the 100year 24-h storm (Figure 7). The peak flow from the LID watershed was 34.5 m3/s/km2 while
peak flow from the traditional watershed was 36 m3/s/km2. This similarity was surprising given
the difference in runoff coefficients for the two watersheds (Table 9). Although the peak flows
appear similar, a steeper receding limb for the LID watershed compared to the traditional
accounts for the difference in runoff volume.
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TABLE 9. Predicted Rare Event Rainfall, Runoff Depth, and Runoff Coefficients for
the Jordan Cove LID and Traditional Watersheds.

LID Watershed
Recurrence
interval (year)
10
25
50
100

Rainfall
(mm)
132
163
198
234

Runoff
depth (mm)
44
62
84
107

Runoff
coefficient
0.34
0.38
0.42
0.46
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Traditional Watershed
Runoff
depth (mm)
60
82
110
138

Runoff
coefficient
0.46
0.51
0.55
0.59

FIGURE 7: Traditional and LID Watershed H
Hydrographs and hyetograph for
the 100
100-year 24-h event.
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CONCLUSIONS
Uncalibrated SWMM simulations using parameter values found in the literature and
measured in the field underpredicted runoff from a distributed parameter LID watershed; the
lumped parameter traditional watershed had better results. Runoff volume and peak flow for
both watersheds was found to be most sensitive to Ksat and initial soil moisture deficit.
Additionally, runoff from the LID and traditional watersheds was sensitive to Manning’s n for
the swales and Manning’s n for pervious surfaces, respectively. Calibration improved prediction
for both the LID and traditional watersheds. Calibration and validation for water quality had
lower R2 and NSE values than those for runoff.
The lumped parameter traditional subcatchment had better predictive capabilities than the
distributed parameter LID watershed before calibration, which was unexpected. Using lumped
LID subcatchments is limited because SWMM cannot simulate outflow from one LID practice as
inflow to another. Additionally, runoff from pervious surfaces cannot be apportioned to LID
practices in a lumped subcatchment.
Prediction of water quality was limited by the use of exponential buildup and washoff
functions only on impervious surfaces and an inability to simulate residential fertilizer
applications. If the proportion of total loading from pervious surfaces is known, improved
algorithms to simulate nutrient transport from lawns may be necessary.
Simulation of the 10, 25, 50, and 100-year 24-h events resulted in consistently lower
runoff coefficients for the LID watershed compared to the traditional watershed. These results
indicate that LID practices likely have stormflow control benefits even during large storms.
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APPENDIX A. SWMM Parameters and Initial Values for Uncalibrated Simulation of the LID
and Traditional Jordan Cove Watersheds.
Parameters (units)
Process models
Rainfall/Runoff
Snow Melt
Groundwater
Flow Routing
Water Quality
Infiltration Model
Miscellaneous
Allow Ponding
Report Control Actions
Report Input Summary
Skip Steady Periods
Minimum Conduit Slope
Routing Model
Time Steps
Reporting (Hr:Min:Sec)
Runoff: Dry Weather
(Hr:Min:Sec)
Runoff: Wet Weather
(Hr:Min:Sec)
Routing (Sec)
Climatology
Temperature - daily max, min
(Celsius)
Evaporation

Evaporate only during dry
periods
Monthly soil recovery rate
Wind Speed
Snow melt
Elevation above MSL (Feet)
Latitude (degrees)
Longitude Correction
Areal Depletion
Aquifer
Aquifers
Snow pack
Min. Melt Coeff. (in/hr/deg F)
Max. Melt Coeff. (in/hr/deg F)
Base Temperature (deg F)
Fraction Free Water Capacity
Initial Snow Depth (in)
Initial Free Water (in)

Initial Values

Data Source

on
on
off
on
on
Green Ampt

Clausen, 2008
unpublished field logs
not available
Field oberservations
Clausen, 2008
Skaggs and Khaleel, 1982

off
off
off
off
0
Kinematic Wave

default
default
default
default
default
Huggins and Burney, 1982

00:15:00
00:15:00

rainfall time-step
rainfall time-step

00:15:00 - Traditional
00:00:30 - LID
30

rainfall time-step, less for LID to minimize
continuity error
default

Varied (32.2°, -19.0°)

National Climatic Data Center

Computed from
temperatures (Hargreaves
method)
yes

National Climatic Data Center

1
0

default
default

50
42°
-72°
No Depletion

USGS topographic map
USGS topographic map
USGS topographic map
default

Not used

default

0.001
0.001
32
0.1
0
0

default
default
default
default
default
default
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APPENDIX A. SWMM Parameters and Initial Values for Uncalibrated Simulation of the LID
and Traditional Jordan Cove Watersheds. (continued)
Parameters (units)
Depth at 100% Cover (in)
Depth at which snow removal
begins (in)
Fraction transferred out of the
watershed
Fraction transferred to the
impervious area
Fraction transferred to the
pervious area
Fraction converted into
immediate melt
Fraction moved to another
subcatchment
Porous pavement - pavement
Clogging factor
Porous pavement underdrain
Drain coefficient (mm/hr)
drain exponent
drain offset height (mm)
Bio-retention cell - surface
Manning's n
Surface Slope (percent)
Vegetation Volume fraction
Bio-retention cell - storage
Height (mm)
Void Ratio (voids/solids)
Clogging factor
Bio-retention cell underdrain
Drain coefficient (mm/hr)
drain exponent
drain offset height (mm)
Vegetative Swale - surface
Vegetation Volume fraction
Surface Slope (percent)
Swale Side Slope (run/rise)
Rain Barrel - storage
Height (mm)
Rain Barrel - underdrain
Drain coefficient (mm/hr)
Drain Exponent
drain offset height (mm)
Drain Delay (hours)
Rain Gauge
Rain Format
Time interval
Snow catch factor

Initial Values

Data Source

0
1

default
default

0

default

0

default

0

default

0

default

0

default

0

default

0
0
0

Jordan Cove as-built drawings
Jordan Cove as-built drawings
Jordan Cove as-built drawings

0.1
0
0

default
Jordan Cove as-built drawings
default

0
0
0

default
default
default

0 - 0.8
0 - 0.5
0

Field observations; Rossman, 2010
Field observations; Rossman, 2010
Field observations

0
4
3

default
Jordan Cove as-built drawings
Jordan Cove as-built drawings
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Field observations

0
0.5
0
6

default
default
default
default

Volume
0:15
1

monitoring data
monitoring data
default
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APPENDIX A. SWMM Parameters and Initial Values for Uncalibrated Simulation of the LID
and Traditional Jordan Cove Watersheds. (continued)
Parameters (units)
Pollutant
Rain concentration
Groundwater concentration
Infiltration and inflow
concentration
Dry weather sanitary flow
concentration
Decay Coeffcient
Snow Only
Co-Pollutant
Co-Fraction
Land Use - Street Sweeping
Interval
Availability
Last Swept
Land Use - Buildup
Function
Max. Buildup (kg/ha)
Rate Constant (kg/ha/1/days)
Normalizer
Land Use - Washoff
Function
Coefficient
Exponent
Cleaning Efficiency
BMP Efficiency

Initial Values

Data Source

0
0
0

default
default
default

0

default

0
0
0

default
default
default
default

0
0
0

default
default
default

Exponential
0
0
Area

Alley and Smith, 1981
default
default
default

Exponential
0
0
-

Alley, 1981
default
default
default
default
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APPENDIX B: Initial and Calibrated Buildup and Washoff Parameters for the Jordan Cove LID
and Traditional Watersheds.
TABLE B-1. Initial Buildup and Washoff Parameters for the Jordan Cove LID
and Traditional Watersheds.
LID
Traditional
TN
TP
TN
TP
Buildup
Function
EXP EXP
EXP
EXP
Max. Buildup (kg/ha)
1.98
0.276
4.04
0.89
Rate Constant
1
1
1
1
Normalizer
Area Area
Area
Area
Washoff
Function
Coefficient
5
5
5
5
Exponent
2.5
2.5
2.5
2.5
Cleaning Efficiency
BMP Efficiency
-

TABLE B-2. Calibrated Buildup and Washoff Parameters for the Jordan Cove LID
and Traditional Watersheds.

LID
Buildup
Function
Max. Buildup (kg/ha)
Rate Constant
Normalizer
Washoff
Function
Coefficient
Exponent
Cleaning Efficiency
BMP Efficiency

Traditional
TN
TP

TN

TP

EXP
2.24
0.5
Area

EXP
4.48
10
Area

EXP
22.42
0.002
Area

EXP
5.60
0.002
Area

EXP
3
1.5
-

EXP
0.03
1
-

EXP
2.0
1.0
-

EXP
0.1
0.7
-
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APPENDIX C. Relative Sensitivity of Traditional Watershed Stormwater Volume and Peak
Flow to Parameters Adjusted ± 10%, 30%, and 50%.
± 10%

± 30%

± 50%

Runoff
Volume

Peak
Flow

Runoff
Volume

Peak
Flow

Runoff
Volume

Peak
Flow

Ksat
Initial soil moisture
deficit

0.07

0.37

0.05

0.22

0.07

0.33

0.04

0.26

0.01

0.09

0.01

0.05

N-Perv
Dstore-Imperv
Width
Dstore-Perv

0.03
0.07
0.03
0.01

0.26
0.03
0.04
0.03

0.00
0.07
0.01
0.01

0.09
0.02
0.04
0.02

0.01
0.07
0.00
0.01

0.05
0.03
0.04
0.03

Suction head

0.00

0.02

0.00

0.00

0.00

0.00

N-Imperv

0.00

0.00

0.00

0.00

0.01

0.00

Parameter

77

APPENDIX D. Calibrated Monthly Soil Recovery Factor for the Jordan Cove LID Watershed.

Month
Jan.
Feb.
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

Initial
Values
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

LID
calibrated
0.10
0.10
0.10
1.00
1.00
1.00
1.00
3.00
2.00
0.40
0.10
0.10
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Traditional
calibrated
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

APPENDIX E: Weekly Total Nitrogen and Phosphorus Loading for LID and Traditional Jordan.

A

B

C

D

FIGURE E-1. Weekly Total Nitrogen Loading for LID and Traditional Jordan Cove Watersheds
for the Calibration (August, 12, 2004 – June 30, 2005) and Validation (August 14, 2003 – July
08, 2004). LID Calibration: A; LID Validation: B; Traditio
Traditional
nal Calibration: C; Traditional
Validation: D.
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APPENDIX E: Weekly Total Nitrogen and Phosphorus Loading for LID and Traditional Jordan.
(continued)

A

B

C

B

FIGURE E-2. Weekly Total Phosphorus Loading for LID and Traditional Jordan Cove
Watersheds Period (August, 12, 2004 – June 30, 2005) and Validation Period (August 14, 2003 –
July 08, 2004). LID Calibration: A; LID Validation: B; Traditio
Traditional
nal Calibration: C; Traditional
Validation: D.
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